Abstract Aging is associated with decreased skeletal muscle function. Increased levels of advanced glycation end products (AGEs) in skeletal muscle tissue are observed with advancing age and in diabetes. Although serum AGE level is negatively associated with grip strength in elderly people, it is unknown whether this association is present in adult males. To determine the relationship between AGE accumulation in tissue and muscle strength and power among Japanese adult men. Skin autofluorescence (AF) (a noninvasive method for measuring tissue AGEs), grip strength (n = 232), and leg extension power (n = 138) were measured in Japanese adult men [median (interquartile range) age, 46.0 (37.0, 56.0) years]. After adjustment for potential confounders, the adjusted means [95% confidence interval (CI)] for grip strength across the tertiles of skin AF were 44.5 (43.2, 45.9) kg for the lowest tertile, 42.0 (40.6, 43.3) kg for the middle tertile, and 41.7 (40.3, 43.1) kg for the highest tertile (P for trend \ 0.01). Moreover, the adjusted geometric means (95% CI) of leg extension power across the tertiles of skin AF were 17.8 (16.6, 19.1) W/kg for the lowest tertile, 17.5 (16.4, 18.7) W/kg for the middle tertile, and 16.0 (14.9, 17.1) W/kg for the highest tertile (P for trend = 0.04). Among Japanese adult men, participants with higher skin AF had lower muscle strength and power, indicating a relationship between AGE accumulation and muscle strength and power. A long-term prospective study is required to clarify the causality.
Introduction
Ageing involves systemic accumulation of advanced glycation end products (AGEs), a diverse class of compounds resulting from glycation process under the strong influence of oxidative or carbonyl stress (Schleicher et al. 1997) . In diabetic patients, increased accumulation of AGEs is observed (Schleicher et al. 1997; Singh et al. 2001) . A common consequence of AGE accumulation is covalent cross-linking of AGEs to proteins, which leads to increased stiffness of protein matrix, impeding function and increasing resistance to removal of cross-linked proteins by proteolysis in various tissues and organs leading to impaired organ functions (Singh et al. 2001) . Diabetic patients with end-stage renal disease had twice the concentrations of AGE in tissues compared with diabetic patients without renal disease (Makita et al. 1991) .
Accumulation of AGE in the skeletal muscle tissue in elderly persons is suggested as one of the causes of decreased muscle force production (Haus et al. 2007 ).
Diabetic status accelerates AGE accumulation in skeletal muscle tissue in rats (Snow et al. 2006; Snow and Thompson 2009) . In cross sectional studies, the levels of blood N e -carboxymethyl-lysine (CML), a major AGE in vivo, were negatively associated with muscle function in groups of elderly population (Dalal et al. 2009; Semba et al. 2010) . Since AGE gradually accumulates along the course of aging even without diabetes, it is possible that the level of AGE accumulation may be inversely associated with muscle strength and power.
Using a simple autofluorescent measurement of AGE levels in the skin, we examined the association between AGE accumulation and muscle strength and power in a population of Japanese adult men.
Methods

Study participants
The study participants consisted of adult men, who had been enrolled in a prospective study of the risk factors for lifestyle-related illnesses or health status among adult employees in Japan. Participants received annual health examination including anthropometric measurements, hematological examinations and additional assessment including muscle strength and power measurement in year 2009. The details of this study have been described elsewhere (Guo et al. 2010) .
The sample selection process is described in Fig. 1 . In 2009, 1,263 participants were enrolled in the annual examinations for lifestyle-related illnesses and health status. Of those enrolled, 1,215 participants agreed to join the survey, providing their informed consent for data analysis (response rate, 96.2%). Because the number of female subjects was relatively small (n = 282), females were excluded from the analyses. Those who underwent skin AF measurement were randomly selected (n = 518). 272 participants who had lower skin reflection (\10%) were also excluded (details described in the skin autofluorescence section below). As a result of these exclusions, the numbers of subjects included in the analyses for the relationship between skin AF and grip strength (analysis I) and leg extension power (analysis II) were 232 and 138, respectively. The protocol of this study was approved by the Institutional Review Board of the Tohoku University Graduate School of Medicine.
Skin autofluorescence (AF)
Skin AGE accumulation was assessed based on skin AF using an autofluorescence reader (AGE Reader; Diagnoptics, Groningen, The Netherlands) as described previously (Meerwaldt et al. 2004) . The AGE Reader consists of a tabletop box equipped with an excitation light source. Each measurement took approximately 30 s to complete by an independent observer. Excitation light in the wavelength range of 300-420 nm is projected onto the skin surface through a 1-cm 2 hole. The intensity of light emitted from the skin at wavelengths between 420 and 600 nm is measured with a spectrometer via a glass fiber. Skin AF is calculated by dividing the mean value of the emitted light intensity per nm between 420 and 600 nm by the mean value of the excitation light intensity per nm between 300 and 420 nm; the result is expressed in arbitrary units (AU) and multiplied by 100 for easier evaluation. Skin AF has been validated to correspond to specific AGEs measured in human skin biopsy samples in several patient groups and healthy controls (Meerwaldt et al. 2004 (Meerwaldt et al. , 2005 . The intra-assay coefficient of variation for repeated AF reader measurement on the same day was 5.0% (Meerwaldt et al. 2004) .
All autofluorescence measurements were performed at room temperature on the volar side of the lower right arm, approximately 10-15 cm below the elbow fold, with the participants in a seated position. Care was taken to perform the measurement at a normal skin site, without visible vessels, scars, lichenification, or other skin abnormalities. The arm of each subject was covered with a black cloth in order to avoid any influence of external light during the measurement. Since skin pigmentation influences autofluorescence measurement, in particular when skin reflection is below 10%, autofluorescence values were not used Grip strength data not available (n = 7)
Subjects who had under 10% skin reflection were excluded (n = 272)
Females excluded (n = 282)
Subjects included in analysis I (n = 232)
Leg extension power data not available (n = 94)
Subjects included in analysis II
Otherdata not available (n = 7) (n = 138) Fig. 1 Flow chart of the sample selection process in this study when skin reflection was below 10% (Na et al. 2001) .
Muscle strength and power
Grip strength and leg extension power were measured. Grip strength was measured with a digital Smedley-type hand dynamometer (T.K.K.5401; Takei Scientific Instruments Co., Ltd, Niigata, Japan). The participants were told to adjust the device for hand comfort and fit and to place their arm in a relaxed, stationary position. Highest grip strength force of either right or left arm was used as representative grip strength. Leg extension power was measured by Aneropress 3500 (Combi Wellness, Tokyo, Japan). Each participant was placed well back on a seat, the waist was fixed with a belt, and the knee joint angled at 90°. Isometric contractions lasted for 5 s each and were separated by 15-s rest intervals. Peak power was detected, calculated, and recorded in watts with a microcomputer. The highest measurement among five trials was recorded as ''isometric strength performance.'' To reduce the bias related to differences in body mass, leg extension power was expressed as the peak of the leg power relative to body weight (W/kg).
Assessment of other variables
Depressive symptoms were assessed according to the Japanese version (Fukuda and Kobayashi 1973 ) of the SelfRating Depression Scale (SDS). Participants were considered as depressive when SDS score was 45 or more (Fountoulakis et al. 2001 ). Blood pressure (BP) in the left upper arm was measured twice using an automatic device (YAMASU605P; Kenzmedico Co. Ltd., Saitama, Japan) following a 5-min rest in the sitting position. The mean values were used as the BP value.
Blood samples were drawn from the antecubital vein, with minimal tourniquet use, while the subjects were seated. Specimens were collected in siliconized vacuum glass tubes containing sodium fluoride for fasting blood glucose and no additives for lipid analyses. Fasting blood glucose concentration was measured by enzymatic methods (Eerotec, Tokyo, Japan). The triglyceride (TG), lowdensity lipoprotein cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C) concentrations were measured by enzymatic methods using appropriate kits (Sekisui Medical, Tokyo, Japan).
Information on age, smoking status (never, former, or currently smoking), alcohol-drinking status (never, C1 day/week, or 7 days/week), occupation (desk work or non-desk work), history of physical illness and current medication use (''yes'' or ''no'') of the participants were obtained from a questionnaire. The educational level was assessed by determining the last grade level and divided into two categories: less than college level or college-level and above. Levels of daily physical activity (PA) were estimated using the International Physical Activity Questionnaire (Japanese version) (Craig et al. 2003) . PA was categorized into tertiles with similar numbers of individuals in each group (low, middle, or high). Total energy consumption and vitamin C intake were estimated using a brief self-administered diet history questionnaire (Sasaki 2005) . A diagnosis of metabolic syndrome (MS) was defined according to the modified Japanese criteria [defined by the Japanese Society for the Study of Obesity (JASSO)] (Matsuzawa 2005) .
Statistical analysis
All statistical analyses were performed using the SPSS 17.0 statistical software package for Windows (SPSS, Inc., Chicago, IL, USA).
In this study, because the distribution of all continuous variables, except for grip strength and systolic blood pressure, was not normal, the common logarithm was applied to normalize the data before statistical analysis. The Spearman rank correlation test was performed. ANCOVA was used to examine the relationships between skin AF and grip strength (analysis I, n = 232) or logtransformed leg extension power (analysis II, n = 138), adjusting for age and body mass index (model 1); all of the above parameters, in addition to PA, smoking status, drinking status, depressive symptoms, educational level, occupation, and total energy consumption, were used in model 2; all parameters in model 2 plus MS, diabetes, and kidney disease were used in model 3; and all parameters in model 3 plus vitamin C intake were used in model 4 (Fig. 1) . ANCOVA was performed with the forced entry of all factors considered to be potential covariates. Bonferroni-corrected P values were used for comparisons between groups differing in skin AF. All P values for linear trends were calculated; all tests for statistical significance were two sided, and P \ 0.05 was defined as statistically significant.
Results
The number of participants with skin reflection above 10% was 246 (47.5%), and the median (interquartile range) skin AF was 1.98 (1.78, 2.18) AU. The participant characteristics according to the tertiles of skin AF in analysis I are presented in Table 1 . Subjects in the highest tertile of skin AF tended to be older and had a higher fasting glucose concentration (P for trend \ 0.01 and 0.06, respectively); this group also had a higher percentage of current smokers compared with that in the lowest tertile (P for trend \ 0.01). Otherwise, no significant differences were observed among the tertiles of skin AF. In Fig. 2a , outlier (skin AF = 4.44 A.U.) was a person with both diabetes and kidney disease, and skin AF correlated with age (r = 0.31, P \ 0.01). Table 2 shows the relationship of skin AF tertiles to grip strength. In the final multivariate models, the adjusted means [95% confidence interval (CI)] of the grip strength across the tertiles of skin AF was 44.5 (43.2, 45.9) kg for the lowest tertile, 42.0 (40.6, 43.3) kg for the middle tertile, and 41.7 (40.3, 43.1) kg for the highest tertile (P for trend \ 0.01). The adjusted mean grip strength was 6.3% lower for the highest tertile of skin AF than for the lowest tertile of skin AF (Bonferroni-corrected P value = 0.01).
To assess the relationship between skin AF tertiles and leg extension power, we performed an additional analysis (analysis II) that excluded those subjects who did not undergo the leg extension power test (n = 138). Table 3 shows the participant characteristics according to tertiles of skin AF in analysis II. In analysis II, subjects in the highest tertile of skin AF were older and had higher fasting glucose concentrations compared with those in the lowest tertile (P for trend \ 0.01 and 0.02, respectively). Although no significant difference was observed in the percentage of current smokers, the prevalence of diabetes in the highest tertile of skin AF tended to be higher than that of the lowest tertile (P for trend = 0.05). In the Spearman rank correlation test, skin AF correlated with age (r = 0.34, P \ 0.01) (Fig. 2b) . Table 4 shows the relationship of the tertiles of skin AF with leg extension power. In the final multivariate models, the adjusted geometric mean (95% CI) of log-transformed leg extension power across the tertiles of skin AF was 17.8 
Discussion
The present study examined the relationship between skin AF representing AGE accumulation and muscle strength and power and power among Japanese adult men. Consistent with previous studies (Dalal et al. 2009; Semba et al. 2010) , our results showed that the level of skin AF was independently associated with muscle strength and power. These results suggest that greater AGE accumulation is associated with reduced muscle strength and power not only in older people but also in younger adults, and that AGE accumulation may be a predisposing factor for muscle force reduction along the course of aging finally leading to sarcopenia. There is an increasing evidence supporting the hypothesis that AGEs may play a role in the decline of muscle Age (years)
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Skin autofluorescence (A. U.) Fig. 2 Correlation between skin autofluorescence and age in analysis I (a) and analysis II (b). Spearman rank correlation test was performed. Cross, triangle, and circle symbols are represented as the lower, middle, and higher tertile of skin autofluorescence, respectively c Additionally adjusted for physical activity (tertiles), smoking status (never, former, or current), drinking status (never, C1 drinks/week, or 7 drinks/week), depressive symptoms (self-rating depression scale C45), educational level (Ccollege), occupation (desk work or non-desk work), and total energy consumption (continuous variables, log-transformed) d Additionally adjusted for metabolic syndrome (Japanese Society for the Study of Obesity) (no or yes), diabetes (no or yes), and kidney disease (no or yes) e Additionally adjusted for dietary intake of vitamin C (continuous variables, log-transformed) f Significantly different from lowest skin autofluorescence tertile (Bonferroni correction), P \ 0.05 Physiol (2011 Physiol ( ) 111:1545 Physiol ( -1552 Physiol ( 1549 function, which may eventually lead to sarcopenia in the older age. First, AGE accumulation in skeletal muscle is greater in fast muscle fiber types, which are well known to possess a faster shortening velocity and larger force production (Snow and Thompson 2009 ). Second, AGEmodified proteins in skeletal muscle include several critical enzymes involved in energy production, such as creatine kinase (Snow et al. 2007 ). Third, glycation of skeletal muscle myosin changed the structural property of the protein and reduced simultaneously the in vitro motility speed (Ramamurthy et al. 2001) . Moreover, because the binding of AGEs to RAGE results in depletion of cellular antioxidant defense mechanisms and the generation of oxygen-free radicals (Schmidt et al. 1994) , oxidant damage to myofibrillar proteins may play a role in the age-related reduction of contractile capacity (Thompson 2009 ). AGE-RAGE interaction also induces microcirculatory dysfunction by endothelial dysfunction or inflammation (Brownlee 2001; Payne 2006) . Thus, AGE accumulation may contribute to decreased muscle function with aging through a variety of mechanisms. It is well known that vitamin C is one of the primary antioxidants. Because greater intake of vitamin C was independently associated with muscle strength (Cesari et al. 2004) , dietary intake of vitamin C may potentially influence the relationship between skin AF and muscle strength and power. In this study, because the relationship between higher skin AF and lower muscle strength and power remained even after adjusting the intake of vitamin C, higher skin AF could be associated with lower muscle strength and power independent of dietary intake of vitamin C in healthy adult men. In this study, skin AF was used as a measure for skin AGE accumulation. Previous studies reported that skin AF is correlated with blood AGEs (Tanaka et al. 2009 ), or not (Hartog et al. 2008) . In this study, our findings conform to previous studies which measured circulating CML (Dalal et al. 2009; Semba et al. 2010) . Thus, it is speculated that skin AF is potentially correlated with blood AGEs in our participants.
This study has other limitations. First, this study focused only on men. Whether the relationship is present in younger women is unknown. Moreover, although we adjusted for confounders such as lifestyle factors or disease, we cannot exclude the possibility that muscle strength and power was affected by other factors associated with lifestyle, disease, or protein damage in skeletal tissue that correlate with AGE accumulation. Finally, because this study was a crosssectional study, we could not conclude whether AGE accumulation in tissue decreased muscle strength and power. A prospective study or trial should be undertaken to further confirm the causal relationship between AGE accumulation and muscle strength and power.
Conclusion
The participants-apparently healthy adult men-with higher skin AF associated with AGE accumulation had lower muscle strength and power. Further studies are needed to confirm whether increased AGE accumulation in tissue predict a decline in muscle strength and power with advancing age in younger adults. 
